GlobeLand30 is the world's first global land cover dataset at 30 m resolution for two epochs, i.e., 2000 and 2010. On the official website, the data are represented by qualitative thematic maps which show the distribution of global land cover, and some proportional symbol maps which are quantitative representations of land cover data. However, researchers have also argued that the cartogram, a kind of value-by-area representation, has some advantages over these maps in some cases, while others doubt their usability because of the possible distortion in shape. This led us to conduct an experimental evaluation of the usability of the cartogram for the representation of GlobeLand30. This experimental evaluation is a comparative analysis between the cartogram and the proportional symbol map to examine which is more effective in various kinds of quantitative analyses. The results show that the thematic map is better than the cartogram for the representation of quantity (e.g., area size), but the cartogram performs better in the representation of tendency distribution and areas' multiple relationships. The usability of the cartogram is notably affected by map projection and the irregularity in area shapes, but the equal-area projection does not necessarily perform better than equidistance projection, especially at high latitudes.
Introduction
GlobeLand30 is the world's first global land cover dataset at 30 m resolution for two epochs, i.e., 2000 and 2010, which was developed by the National Geomatics Center of China. It contains 10 major types of land cover such as vegetation, water body, tundra, permanent snow and ice, artificial surface, and cultivated lands [1] . This set of data has recently been released and donated by the Chinese Government to the United Nations for supporting global sustainable development studies. An official website has been created to provide a data service to the public (http://www.globallandcover.com/ GLC30Download/index.aspx).
Currently, on the official website, the GlobeLand30 data are represented with qualitative thematic maps (see Figure 1 ) which show the distribution of global land cover, as well as some proportional symbol maps, which are quantitative representations of land cover data. However, it has been argued [2, 3] that a special type of thematic map, called a cartogram (see Figure 2) , is more effective for some quantitative analyses. The use of cartograms for the visual representation of geographical data has become popular and many researchers believe that the cartogram is a very effective representation for spatial analysis. Kocmoud and House in 1998 [2] stated that the cartogram is a useful tool for visualizing the geographic distribution of "routine" data in a variety of disciplines; Inoue and Shimize 2006 [4] stated that the cartogram is a powerful method for the visual representation of statistical data. However, some other researchers doubt the usability of cartograms. Tobler in 2004 [5] reported that cartograms are difficult to use. Tao in 2010 [6] found that cartograms are hard to understand.
Li and Sun in 2010 [3] made comparative analyses of the effectiveness between thematic maps and cartograms for different purposes and found that thematic maps are more effective for the purpose of making a quantitative comparison, but cartograms are more effective for the purpose of making a qualitative comparison, e.g., electoral college votes won by candidates in a US election. This highlights the need for further study to clarify the effectiveness of cartograms in different situations, for different applications, and at different scales.
Therefore, this study aims to systematically evaluate the usability of cartograms for the representation of GlobeLand30 for various quantitative analyses.
Selection of Cartogram for Study
Cartograms have a long history. "In 1851, Minard published a series of maps called 'cartogrammes,' a foyer 'diagraphiques' or maps with diagrams." [7] . There are two types: area cartograms ( Figure 2 ) and distance cartograms ( Figure 3 ). As distance cartograms are irrelevant to GlobeLand30 data representation, t his paper will concentrate on area cartograms, which are a kind The use of cartograms for the visual representation of geographical data has become popular and many researchers believe that the cartogram is a very effective representation for spatial analysis. Kocmoud and House in 1998 [2] stated that the cartogram is a useful tool for visualizing the geographic distribution of "routine" data in a variety of disciplines; Inoue and Shimize 2006 [4] stated that the cartogram is a powerful method for the visual representation of statistical data. However, some other researchers doubt the usability of cartograms. Tobler in 2004 [5] reported that cartograms are difficult to use. Tao in 2010 [6] found that cartograms are hard to understand.
Cartograms have a long history. "In 1851, Minard published a series of maps called 'cartogrammes,' a foyer 'diagraphiques' or maps with diagrams." [7] . There are two types: area cartograms ( Figure 2 ) and distance cartograms ( Figure 3 ). As distance cartograms are irrelevant to GlobeLand30 data representation, this paper will concentrate on area cartograms, which are a kind of value-by-area representation. Area cartograms communicate the geographic distribution of a statistic by replacing the geographic area with the value of concern [8, 9] .
ISPRS Int. J. Geo-Inf. 2017, 6, 180 3 of 13 of value-by-area representation. Area cartograms communicate the geographic distribution of a statistic by replacing the geographic area with the value of concern [8, 9] . Figure 3 . Cartogram of the China Railway ne twork [9] .
Area cartograms can be classified into two types based on the topological connectivity between neighboring areas, i.e., contiguous cartograms and non-contiguous cartograms, as shown in Figure 2 and Figure 4a . In non-contiguous cartograms (Figure 4a ), the area shapes are preserved during the scaling process but the topology of the original areas (regions) is not preserved [10] . On the other hand, in contiguous cartograms, the desired size of an area is scaled according to the attrib uted value within the area, but the shape of the area may be distorted in order to preserve the topology, i.e., to maintain the contiguity relation with adjacent areas. A number of algorithms for contiguous cartograms are available, e.g., rubber map [11] , density equalizing map projections (DEMP) [12] , rubber sheet [13] , interactive polygon zipping [14] , line integral [15] , spring relaxation [2] , and diffusion [16] . Another special type of cartogram is termed the Dorling cartogram, as it was introduced by Dorling in 1996 [17] . In a Dorling cartogram, the region with a complex shape is replaced by a circle (or a square) scaled according to the attribute quantity within the region. Circles are distributed to resemble the original topology (see Figure 4b) . The rectangular version of such a cartogram is called a Demers cartogram [18, 19] .
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Between the various area cartograms [20] , Li and Sun in 2010 [3] made a comparative study. They found that the diffusion cartogram is most preferred for both the purpose of making a quantitative comparison and the purpose of making a qualitative comparison. Therefore, in this study, the diffusion method is selected as the representative.
Design of Experiments

Source Data, Measures and Reference Maps
The GlobeLand30 contains 10 major types of land cover such as vegetation, water body, artificial surface, tundra, permanent snow and ice, and cultivated land. In this study, the data for cultivated land is used for testing because every country has a certain value, which may not be the case for some other land cover types such as tundra or permanent snow and ice.
This study aims to systematically evaluate the usability of cartograms for the representation of GlobeLand30 for various quantitative analyses. The measures used for the usability are the three elements as defined by the International Organization for Standardization (ISO): (1) effectiveness (in terms of accuracy or rate of correct recognition); (2) efficiency (in terms of time taken or the speed of recognition); and (3) satisfaction (in terms of user preference).
To make a comparison of preference, a proper reference map is required. In this study, proportional symbol maps are employed for comparison because cartograms can be considered as a special type of proportional symbol mapping [21] . That is, in this case, the "symbol" that is scaled in proportion to an attribute value is the geographic area for which data are aggregated. Examples of experimental maps are shown in Figure 5 . 
Design of Experiments
Source Data, Measures and Reference Maps
Hypothesis and Quantitative Analyses
The first hypothesis of this study is that the statements "cartograms are not hard to understand" and "cartograms are difficult to use" are not always valid. The investigation is carried out to find out when the cartograms are more effective, more efficient, and preferred.
Generally speaking, quantitative thematic maps serve three types of purposes: to provide specific quantitative information about particular locations, to provide general information about spatial patterns, and to be used for comparing patterns on two or more maps. For the evaluation, Roth in 2013 [22] suggested the use of the following five "objective primitives": Identify, compare, rank, associate, and delineate. In this study, only the first three objective primitives are adopted, leading to three types of comparative experimental tests designed as follows: (1) recognition of the inequality (smaller or larger) of quantities at different locations; (2) recognition of the ratio relations between quantities at different locations; and (3) recognition of quantity distributions.
The second hypothesis of this study is that the usability of cartograms will be affected by map projections. A common belief is that the cartograms with equal-area projections should perform better than those cartograms with other projections. This is because the area ratio is preserved with equal-area projection. In this study, two types of map projections are employed for comparative analysis: Equal-area and equidistant. The conformal projection is excluded because it will cause too big an area distortion at high-latitude areas.
Experiments
It was decided to carry out the experiments through surveys using questionnaires. The questionnaire with maps as shown in Figure 5 was placed on the Internet and each subject (map 
Hypothesis and Quantitative Analyses
Experiments
It was decided to carry out the experiments through surveys using questionnaires. The questionnaire with maps as shown in Figure 5 was placed on the Internet and each subject (map reader) received an interlink from the experimenter so as to read and answer the questions. A total of 96 subjects participated in this study, with an almost equal number of male and female respondents, covering a wide age range, from 18 to 40 years.
Usability of Cartograms for GlobeLand30: Comparison with Proportional Symbol Maps
The first set of three experiments is designed to compare the usability of cartograms with proportional symbol maps.
Usability in the Recognition of the Equality or Inequality of Quantities
The first test was the recognition of the equality and inequality of two quantities between the map types. In this experiment, the subjects were asked to determine the three relationships between two regions (countries), i.e., "smaller than", "larger than" and "same as". In order to make tests comprehensive, the differences between two regions (countries) at three levels (small, medium, and large) were considered, as follows:
• Also, in the selection of regions for comparison, the representation from each continent and the irregularity of its boundary were taken into consideration. In order to test the efficiency, the time taken to answer these questions was recorded. If the time used by a subject, as automatically recorded in the testing system, was found to be too short, the subject was considered as not treating the experiment seriously, and their result was considered invalid and thus excluded. As a result, 84 responses were used for statistical analysis.
The results are shown as Table 1 , where "unable" means that the respondent was unable to tell the difference between the regions. The diagrammatic representations of results are shown in Figures 6  and 7 . Most of the accuracies for the recognition of the circular symbols were relatively high, except for China vs. India in which the circles are almost the same size. On the other hand, the recognition of differences within cartograms was more complicated. In general, the accuracy was comparable to that for the circular symbols. However, the accuracy was rather low for the pairs like Russia vs. India, Australia vs. Kazakhstan, and Argentina vs. Kazakhstan, possibly because of the large difference in the shapes of the countries. 
Usability in the Recognition of the Ratio Relation between Quantities
In this test, the subjects were asked to give the ratio relationship between two quantities. That is, the subjects were asked to give the multiple relationship between two countries and/or two continents. In this experiment, the country pairs chosen were Kazakhstan vs. Spain and USA vs. Brazil. The ratios of the cultivated areas are nearly 1.0 between Kazakhstan and Spain and 1.7 between USA and Brazil. A total of 71 responses were valid. The results are shown in Table 2 . A graphic representation is shown in Figure 8 .
When using cartograms, in the comparison of Kazakhstan vs. Spain, the responses ranged from 1 time (1×) to 3 times (3×) with an average of 1.76×. The mode was at 1.5× with nearly 50% of responses. In the comparison of USA vs. Brazil, the responses ranged from 1 time (1×) to 5 times (5×) with an average of 1.59×. The mode was also at 1.5× with nearly 50% of responses. The deviations of means from the actual ratios were 76% and 6%, respectively. In terms of efficiency, on average, it took the subjects 24.5 s to complete these two questions.
When using proportional symbol maps, in the comparison of Kazakhstan vs. Spain, the responses ranged from 1× to 3× with an average of 1.72×, and the mode was also at 1.5× with 41% of responses. In the comparison of USA and Brazil, the responses ranged from 1 time (1×) to 6 times (6×) Figure 6 . Effectiveness of proportional symbol maps for the representation of GlobeLand30 data: equality or inequality of quantities. 
When using proportional symbol maps, in the comparison of Kazakhstan vs. Spain, the responses ranged from 1× to 3× with an average of 1.72×, and the mode was also at 1.5× with 41% of responses. In the comparison of USA and Brazil, the responses ranged from 1 time (1×) to 6 times (6×) Figure 7 . Effectiveness of cartograms for the representation of GlobeLand30 data: equality or inequality of quantities.
In terms of satisfaction, the comments from the subjects show that some people like the symbols in cartograms for those areas, which are large, and have obvious boundaries, while other people do not like them given their irregularity.
In terms of efficiency, the speed of recognition was recorded. The average time taken to obtain an answer was 106 s in the proportional symbol map and 108 s in the cartogram. Therefore, the difference is negligible.
In this test, the subjects were asked to give the ratio relationship between two quantities. That is, the subjects were asked to give the multiple relationship between two countries and/or two continents. In this experiment, the country pairs chosen were Kazakhstan vs. Spain and USA vs. Brazil. The ratios of the cultivated areas are nearly 1.0 between Kazakhstan and Spain and 1.7 between USA and Brazil. A total of 71 responses were valid. The results are shown in Table 2 . A graphic representation is shown in Figure 8 . with an average of 2.25×. The mode was also 1.5× with 40% of responses. The deviations of means from the actual ratios were 70% and 32%, respectively. In terms of efficiency, it took the subjects 35.5 s on average to complete these two questions. By comparison, the cartogram seems to be more effective and more efficient than the proportional symbol map in the recognition of area ratios. However, if the mode is used instead of the mean in the statistical analysis, then the results for the cartogram and proportional symbols map are quite similar.
Experimental tests were also conducted at the continent scale. The pairs tested were Europe vs. Africa and Asia vs. North America. The actual ratios of cultivated land s are 1.7× and 2.6×, respectively. When using cartograms, the average ratio was 1.6 6× (with mode at 1.5) and 1.87× (with mode at 2), respectively, which are very close to the actual values. When using the proportional symbol maps, the resultant ratios were 3.91× (ranging from 2 to 6, without a clear mode) and 4.84× (ranging from 3 to 8, without a clear mode), respectively, which is quite deviat ed from the actual values. These results are also shown in Table 2 and in Figure 8 .
In terms of efficiency, when using the cartogram, it took subjects 38.2 s on average to complete the task while, when using the proportional symbol map, it took subjects 36.8 s on average.
At the continent level, the cartogram seems more effective than the proportional symbol map in the recognition of area ratios. In terms of efficiency, the difference between the two is very small.
In terms of satisfaction, 71.43% of subjects preferred cartograms and 28.57% of subjects preferred proportional symbol maps.
Usability in the Recognition of Quantity Distributions
In this test, the subjects were asked to rank the cultivated lands of six continents by size. The actual order of ranking is Asia (38.41% of total land area), Europe (20.09%), North America (14.80%), South America (11.97%), Africa (11.59%), and Australia (3.14%). The experimental results are shown in Table 3 and plotted in Figure 9 . When using cartograms, in the comparison of Kazakhstan vs. Spain, the responses ranged from 1 time (1×) to 3 times (3×) with an average of 1.76×. The mode was at 1.5× with nearly 50% of responses. In the comparison of USA vs. Brazil, the responses ranged from 1 time (1×) to 5 times (5×) with an average of 1.59×. The mode was also at 1.5× with nearly 50% of responses. The deviations of means from the actual ratios were 76% and 6%, respectively. In terms of efficiency, on average, it took the subjects 24.5 s to complete these two questions.
When using proportional symbol maps, in the comparison of Kazakhstan vs. Spain, the responses ranged from 1× to 3× with an average of 1.72×, and the mode was also at 1.5× with 41% of responses. In the comparison of USA and Brazil, the responses ranged from 1 time (1×) to 6 times (6×) with an average of 2.25×. The mode was also 1.5× with 40% of responses. The deviations of means from the actual ratios were 70% and 32%, respectively. In terms of efficiency, it took the subjects 35.5 s on average to complete these two questions.
By comparison, the cartogram seems to be more effective and more efficient than the proportional symbol map in the recognition of area ratios. However, if the mode is used instead of the mean in the statistical analysis, then the results for the cartogram and proportional symbols map are quite similar.
Experimental tests were also conducted at the continent scale. The pairs tested were Europe vs. Africa and Asia vs. North America. The actual ratios of cultivated lands are 1.7× and 2.6×, respectively. When using cartograms, the average ratio was 1.66× (with mode at 1.5) and 1.87× (with mode at 2), respectively, which are very close to the actual values. When using the proportional symbol maps, the resultant ratios were 3.91× (ranging from 2 to 6, without a clear mode) and 4.84× (ranging from 3 to 8, without a clear mode), respectively, which is quite deviated from the actual values. These results are also shown in Table 2 and in Figure 8 .
In this test, the subjects were asked to rank the cultivated lands of six continents by size. The actual order of ranking is Asia (38.41% of total land area), Europe (20.09%), North America (14.80%), South America (11.97%), Africa (11.59%), and Australia (3.14%). The experimental results are shown in Table 3 and plotted in Figure 9 . Figure 9 . Statistical re sults of the comparison be twe e n proportional symbol maps and cartograms for accuracy in ranking contine nts.
These results clearly show that the accuracy of ranking when using cartograms is much higher than when using proportional symbol maps. In terms of efficiency, when using the cartogram, it took 21.2 s on average to complete the task, while when using the proportional symbol maps, it took 23.5 s on average to complete the task. The difference is considered negligible.
Usability of Cartograms for GlobeLand30: Impact of Map Projection Type
As cartograms are achieved by expanding or shrinking each area on the map according to the attribute value within, it is suspected that the distortion s in the area size and shape caused by the map projection at such a global scale will also have an impact on recognition w hen using cartograms. Therefore, an investigation into this potential impact was also conducted. Two types of map projections, equal-area and equidistance, were tested. The conformal projection is excluded because it causes too great an area distortion at high latitudes.
The test procedure for this experiment was similar to the one used for the comparison with proportional symbol maps. In this test, the subjects were asked to determine the relationships between the sizes of two regions (countries), with possible responses of "smaller than", "larger than", or "same as". The country pairs chosen were different from those used in the previous test in order to make the results independent. The three pairs were USA vs. Russia, Brazil vs. Canada, and France vs. Mexico. The cartograms are shown in Figure 10 . The results are shown in Table 4 . These results clearly show that the accuracy of ranking when using cartograms is much higher than when using proportional symbol maps. In terms of efficiency, when using the cartogram, it took 21.2 s on average to complete the task, while when using the proportional symbol maps, it took 23.5 s on average to complete the task. The difference is considered negligible.
As cartograms are achieved by expanding or shrinking each area on the map according to the attribute value within, it is suspected that the distortions in the area size and shape caused by the map projection at such a global scale will also have an impact on recognition when using cartograms. Therefore, an investigation into this potential impact was also conducted. Two types of map projections, equal-area and equidistance, were tested. The conformal projection is excluded because it causes too great an area distortion at high latitudes.
The test procedure for this experiment was similar to the one used for the comparison with proportional symbol maps. In this test, the subjects were asked to determine the relationships between the sizes of two regions (countries), with possible responses of "smaller than", "larger than", or "same as". The country pairs chosen were different from those used in the previous test in order to make the results independent. The three pairs were USA vs. Russia, Brazil vs. Canada, and France vs. Mexico. The cartograms are shown in Figure 10 . The results are shown in Table 4 . The results, as expected, show that the cartogram in equal-area projection performs better in general. However, it is interesting to note that, in the comparison of USA and Russia, there is almost no difference in accuracy. This result cannot be well explained convincingly, leading to further investigation. Subsequently, the land types of artificial land, grassland, water, and bare land in different country pairs were used for evaluation, to create different levels of distortions for different countries. The corresponding cartograms are shown in Figure 11 and the accuracy results are shown in Table 5 .
The results indicate that cartograms with equal-area projection may underperform the cartograms with equidistance projection because (a) equal-area projection may lead to greater shape distortions (e.g., becoming narrow strips) at high latitudes; and (b) different kinds of shape distortions may be created with different sets of data.
Conclusions
In this study, an experimental investigation into the usability (effectiveness, efficiency, and satisfaction) of cartograms for the representation of GlobeLand30 data was carried out. In the design of the experiments, the five "objective primitives" (i.e., identify, compare, rank, associate, and delineate), recommended by Roth in 2013 [22] for the evaluation of quantitative representations were taken into consideration. The first three objective primitives were adopted, leading to three types of comparative experimental tests, i.e., (1) recognition of the inequality (smaller or larger) of quantities at different locations; (2) recognition of the ratio relations between quantities at different locations; and (3) recognition of quantity distributions. Proportional symbol maps were used as reference maps for comparison. From these experiments, it was found that:
• when comparing size inequality at the country level, cartograms are less effective; • when comparing the area ratio and size inequality at the continental level, cartograms perform better in terms of all three usability measures; • the usability of cartograms is greatly affected by the (shape) irregularity of the area units; • in terms of map reading efficiency, there was no significant difference found between the two map types; and • in terms of satisfaction, the opinions were also diverse, but more people preferred cartograms.
In all of these tests, the cartograms and proportional maps were produced by using an equal-area projection. Experimental testing was also carried out to examine whether equal-area projection would always perform better than equidistance projection, as commonly understood. Results show that cartograms with an equal-area projection may underperform those with equidistance projection, especially at high-latitude regions.
It is noted here that, in proportional symbol maps, the size of symbols should be proportional to the quantity of the area. However, in practice, quantitative data that has been classified into five to six classes and graduated symbols, instead of proportional symbols, are used. This may affect the effectiveness of proportional symbol maps. On the other hand, even when the absolute proportional symbols are used, there is also the issue of visual distortion, which may lead to the underestimation of an area symbol. All these observations deserve further investigation.
